Salmonella has evolved several strategies to counteract intracellular microbicidal agents like reactive oxygen and nitrogen species. However, it is not yet clear how Salmonella escapes lysosomal degradation. Some studies have demonstrated that Salmonella can inhibit phagolysosomal fusion, whereas other reports have shown that the Salmonella-containing vacuole (SCV) fuses/interacts with lysosomes. Here, we have addressed this issue from a different perspective by investigating if the infected host cell has a sufficient quantity of lysosomes to target Salmonella. Our results suggest that SCVs divide along with Salmonella, resulting in a single bacterium per SCV. As a consequence, the SCV load per cell increases with the division of Salmonella inside the host cell. This demands more investment from the host cell to counteract Salmonella. Interestingly, we observed that Salmonella infection decreases the number of acidic lysosomes inside the host cell both in vitro and in vivo. These events potentially result in a condition in which an infected cell is left with insufficient acidic lysosomes to target the increasing number of SCVs, which favors the survival and proliferation of Salmonella inside the host cell.
Pathogenic bacteria belonging to the genus Salmonella cause a spectrum of diseases ranging from mild gastroenteritis to life-threatening systemic diseases, like typhoid fever in humans and animals of economic importance. Being an intracellular pathogen, Salmonella has evolved strategies to avoid intracellular microbicidal agents, like reactive oxygen and nitrogen species and antimicrobial peptides (8, 13, 41) .
Lysosomes, membrane-bound organelles containing acid hydrolases, constitute an important intracellular defense strategy of a eukaryotic cell. They form the terminal degradative compartment of the endocytic pathway. It is vital for an intracellular pathogen to evade lysosomal degradation in order to colonize a eukaryotic cell.
Different intracellular pathogens have evolved a variety of mechanisms to avoid lysosomal degradation (12) . For example, Mycobacterium stalls the maturation of its vacuole at an early endosomal level (9) , Escherichia coli modulates the trafficking of its vacuole to avoid fusion with lysosomes (26) , and Shigella and Listeria escape from phagosomes and enter the cytoplasm (19, 33) , whereas amastigote Leishmania can survive in the harsh environment of lysosomes (2) . However, the mechanism by which Salmonella evades lysosomal degradation is not clearly understood. Salmonella thrives inside a specialized intracellular compartment termed the Salmonella-containing vacuole (SCV). The biogenesis of the SCV involves sequential interactions with the endocytic pathway (39) . Many elegant studies have demonstrated that Salmonella blocks the fusion of the SCV with terminal acidic lysosomes (4, 16, 22, 25) . Nevertheless, there are some reports that show that the SCV fuses/ interacts actively with lysosomes (7, 10, 34) . Thus, there is uncertainty in this matter in the case of Salmonella (39) . In this study, we addressed this problem from a different perspective by investigating if there is a sufficient quantity of lysosomes inside the host cell to target Salmonella. Our results demonstrate that Salmonella tackles the lysosomal degradation problem in an elegant manner by causing an imbalance in the ratio of SCVs to acidic lysosomes. cells. The plate was centrifuged at 1,000 rpm for 5 min and incubated at 37°C for 20 min. The cells were then washed with phosphate-buffered saline (PBS) to remove excess bacteria, and fresh medium containing 100 g/ml of gentamicin was added. After 1 h, the medium was discarded, and the cells were again washed with PBS and incubated with fresh medium containing 25 g/ml of gentamicin and incubated at 37°C until later time points. Sodium orthovanadate (SOV) was used to inhibit dynein (1, 17, 24) . The cells were treated with 100 M of SOV 3 h before infection, and it was maintained throughout the infection process till the end of the experiment. Intestine 407 cells were transfected either with pCS2p50 (a kind gift from Ron Vale) or pCS2 (vector control) using Lipofectamine (Invitrogen). After 48 h, the transfected cells were infected with Salmonella and processed for microscopy as described below. The fold intracellular multiplication of Salmonella was calculated by dividing the intracellular bacterial load at 10 h by the intracellular bacterial load at 2 h.
Confocal laser scanning microscopy. CLSM was done as described previously (13) . Infected cells were fixed with 3.5% paraformaldehyde (Sigma) for 20 min at the indicated time points. After being washed three times with PBS, the cells were incubated with specific antibody (Rab7 [Santa Cruz Biotechnology] and LAMP1 [DSHB]) diluted in blocking buffer (0.1% saponin, 2% bovine serum albumin [BSA] , and 2% goat serum [all from Sigma] in PBS) for 1 h. The cells were then washed twice with PBS and incubated with appropriate fluorescent secondary antibodies (Dynova or Jackson Laboratory) diluted in the blocking buffer. Then, the cells were washed three times with PBS, and coverslips were mounted on a glass slide and observed under a confocal laser scanning microscope (Zeiss LSM Meta). To stain actin, fixed cells were incubated with phalloidin-Texas red (Molecular Probes) for 1 h. After 1 h, the cells were washed three times with PBS and the coverslips were mounted on a glass slide and observed under a confocal laser scanning microscope. To visualize lysosomes, infected (for 10 h) cells were washed in PBS, treated with 5 g/ml of acridine orange (Sigma) for 5 min, and immediately observed under a confocal laser scanning microscope. Adobe Photoshop 7 was used to adjust the contrast and brightness of images.
SCVs were classified according to the number of bacteria per vacuole (a single bacterium per vacuole or multiple bacteria per vacuole) based on LAMP1 staining of SCVs inside RAW 264.7/Intestine 407 cells. Only those cells in which SCVs were clearly defined were included in the analysis. At least 50 infected cells were counted in each case.
Transmission electron microscopy. Infected cells were washed three times with sodium phosphate buffer, gently scraped, and fixed with Karnowsky's fixative (4% paraformaldehyde [Sigma] plus 3% gluteraldehyde [Sigma] in 0.1 M sodium phosphate buffer) for 24 h. The fixed samples were washed with sodium phosphate buffer and incubated with 1% osmium tetroxide (TAAB) for 90 min. Then, the samples were again washed with sodium phosphate buffer and incubated with 70% ethanol for 1 h, followed by 90% ethanol for 30 min. After this step, samples were treated with 2% uranyl acetate (TAAB) in 95% ethanol for 30 min, followed by 100% ethanol for 1 h. Then, the samples were treated two times with propylene oxide (TAAB) for 10 to 15 min. After that, the samples were infiltrated with an araldite (TAAB) and propylene oxide mixture (1:1) overnight. The next morning, fresh araldite was added and incubated for 3 h. After 3 h, the samples were embedded in molds and kept at 60°C for 48 h. Then, the samples were sectioned using an ultramicrotome (Leica EM UC6) and observed under a transmission electron microscope (JEOL JEM-100CX II).
Flow cytometry. RAW 264.7 cells were infected with Salmonella at different MOIs and incubated at 37°C until later time points. One hour before a specific time point, fresh medium containing LysoTracker-Green (LT) (Molecular Probes) at a 100 nM concentration was added and incubated for 30 min to 1 h. Then, the cells were washed twice with PBS, harvested by gentle scraping, and analyzed in a flow cytometer (excitation, 488 nm, and absorption, 530/30 nm [FL-1 channel] in a BD FACScan). In the acridine orange experiment, cells were stained with 5 g/ml of acridine orange 5 min before flow cytometry (excitation, 488 nm, and absorption, Ն520 nm [BD LSR II system]). For autofluorescence, cells were analyzed without any staining in a BD LSR II system (excitation, 355 nm, and emission, 420/70 nm). The cells were treated with 10 M of carbonyl cyanide m-chlorophenylhydrazone (CCCP) (Sigma) to block the autofluorescence of mitochondria. The data were analyzed using the Winmdi program.
Animal experiments. All procedures with animals were carried out in accordance with institutionally approved protocols. Eight-week-old BALB/c mice were infected intraperitoneally with Salmonella expressing GFP (10 4 bacteria/ mouse). After 4 days of infection, the mice were sacrificed and their spleens were isolated. Splenocytes were extracted from the spleens by gently crushing the organs and lysing the red blood cells (RBCs) using RBC lysis buffer (0.1 M ammonium chloride, 1 mM potassium bicarbonate, and 1 mM EDTA in water).
GFP-positive (infected) and GFP-negative (uninfected) splenocytes were sorted using a fluorescence-assisted cell sorter (Dako MoFlo). The lysosome-specific autofluorescence of the sorted cells was analyzed (excitation, 351 nm; emission, 450/65 nm). The cells were treated with 10 M of CCCP (Sigma) to block the autofluorescence of mitochondria. The data were analyzed using the Summit V4.3 program.
RESULTS
As SCVs are the potential targets of lysosomes, it is important to know the load of SCVs in an infected host cell in order to understand if the number of lysosomes in a cell is sufficient to target the growing number of Salmonella bacteria. In this context, we examined whether multiple bacteria stay inside a single (or a few) large SCV resulting in single (or few) SCVs per cell or whether each bacterium has its own separate SCV, resulting in multiple SCVs per cell. Many reviews and studies of Salmonella or its vacuole depict the SCV as a big vacuole containing multiple bacteria (10, 15, 21, 28, 37, 39) ; however, electron micrographs of SCVs in some studies (imaged for other purposes) clearly indicate only one bacterium per vacuole (4, 23, 31) . In order to clarify this, we looked at the number of bacteria residing inside an SCV, which in turn determines the load of SCVs (potential targets of lysosomes) per cell.
SCVs contain a single bacterium. Using both confocal laser scanning microscopy and transmission electron microscopy, we observed that each bacterium was enclosed in a separate vacuole inside Salmonella-infected RAW 264.7 (murine macrophage-like) cells, resulting in multiple SCVs per cell ( membrane of the SCV and the outer membrane of the mitochondrion are derived from the eukaryotic host cell and the inner membrane of the mitochondrion is prokaryotic in nature, like the Salmonella cell wall. A dynein motor molecule is involved in the division of the mitochondrial outer membrane by recruiting dynamin-related protein 1 (Drp1) onto the membrane (40) . Interestingly, dynein is also reported to control the membrane dynamics of SCVs and to regulate the intracellular replication of Salmonella (18, 30) . Therefore, we hypothesized that dynein might be involved in the division of SCVs. To test this hypothesis, we used a sodium orthovanadate and p50 (dynamitin) overexpression system to inhibit the function of dynein (5, 17 Salmonella infection reduces the volume of the acidic compartment contributed by lysosomes inside the host cell. Next, we set out to investigate if the number of lysosomes present in the host cell is sufficient to target the overwhelming number of SCVs. For this purpose, we initially quantified some lysosomal proteins in infected cells. We observed a significant increase in LAMP1, LAMP2, and cathepsin D protein levels and also in acid phosphatase activity in Salmonella-infected RAW 264.7 cells (Fig. 4) . As SCV harbors many lysosomal proteins, like vacuolar ATPase, LAMP1, LAMP2, cathepsin D, and acid phosphatase (14, 22, 28) , quantification of lysosomal proteins or their functions may not provide the true picture of the state of lysosomes in Salmonella-infected cells. Therefore, we made use of the acidic nature of lysosomes; we stained infected cells with LT, a fluorophore that accumulates in acidic compartments of the cell. The fluorescence of LT can be measured using a flow cytometer. SCVs are not as acidic as lysosomes, and therefore, they do not accumulate LT. Hence, we used the fluorescence of LT to measure the volume of the acidic compartment of the host cell, to which lysosomes are the principal contributors.
Interestingly, we observed an MOI-dependent decrease in the LT fluorescence of infected RAW 264.7 cells (Fig. 5A) . Concanamycin A, a macrolide antibiotic known to increase the pH of lysosomes by inhibiting vacuolar ATPase, was used as a positive control (11) . The type 3 secretion system (TTSS) encoded in Salmonella pathogenicity island 2 (SPI-2) is required for the proliferation of bacteria inside the host cell (38) . Heatkilled bacteria and a ⌬ssaV strain (in which the TTSS encoded by SPI-2 is inactive) were unable to cause any significant change in the LT fluorescence in RAW 264.7 cells, indicating that proliferation of bacteria is essential to reduce the LT fluorescence in infected RAW 264.7 cells (Fig. 5B) . Interestingly, Staphylococcus aureus, an extracellular pathogen, was unable to show a similar reduction in the LT fluorescence (see Fig. S6 at http://mcbl.iisc.ernet.in/Welcome%20to%20MCBL /Faculty/Dipshikha/supplimentary.html). We observed a significant increase in the LT fluorescence of infected cells at 2 h after infection, which might have been a host cell response to the invading pathogen. However, a decrease in the LT fluorescence started as early as 5 h after infection, which coincides with the beginning of multiplication of Salmonella inside macrophages (Fig. 5C) (39) .
Acridine orange, a metachromatic fluorophore, has been extensively used to stain lysosomes (6, 29, 32, 42) . We used acridine orange to confirm the results obtained using LT fluorescence. Flow cytometry demonstrated a significant decrease in the acridine orange fluorescence of RAW 264.7 cells upon Salmonella infection (Fig. 6A) . In order to visualize lysosomes directly, we stained RAW 264.7 cells with acridine orange and observed them under a confocal laser scanning microscope. RAW 264.7 cells were infected with GFP-expressing Salmo- nella at an MOI of 10 to enable us to visualize both infected (containing many rod-shaped green bacteria) and uninfected cells in the same field. Acridine orange also stains nucleic acids. Nevertheless, lysosomes (discrete) could be easily distinguished from RNA (diffuse), and also, GFP-expressing bacteria (cytoplasm) could be easily distinguished from DNA (nucleus). We observed very few lysosomes stained with acridine orange inside RAW 264.7 cells infected with Salmonella compared to uninfected cells ( Fig. 6B and C) . Concanamycin A was used as a positive control. However, this decrease in lysosomal numbers was not observed in cells infected with the ⌬ssaV strain (see Fig. S7 at http://mcbl.iisc.ernet.in/Welcome%20to %20MCBL/Faculty/Dipshikha/supplimentary.html). These results clearly demonstrate that Salmonella infection reduces the volume of the acidic compartment in the host macrophages, to which lysosomes are the principal contributors.
Salmonella reduces the lysosomal autofluorescence of the host cell. Lysosomes exhibit autofluorescence that originates from the lipofuscin pigment (excitation, 360 nm, and emission, 420 to 470 nm) (3). We used this property to quantify lysosomes by using flow cytometry. However, mitochondria also exhibit autofluorescence with spectral properties similar to those of lysosomal autofluorescence. Carbonyl cyanide m-chlorophenylhydrazone, a mitochondrial uncoupler, was used to on September 12, 2017 by guest http://iai.asm.org/ block the autofluorescence of mitochondria (3) . As expected, we observed a significant decrease in the lysosomal autofluorescence of RAW 264.7 cells upon infection for 10 h with Salmonella at an MOI of 10 ( Fig. 7A) . A similar result was observed at an MOI of 50 (data not shown). These results suggest that Salmonella infection decreases the number of lysosomes inside the host macrophages. Salmonella is known to cause cytotoxicity in host cells. Early, rapid cytotoxicity is caused by SPI-1 within 2 h of infection, and delayed cytotoxicity is SPI-2 dependent and begins after 12 h of infection (27) . In our experiments, RAW 264.7 cells were infected with stationary-phase bacterial culture, in which SPI-1 is not induced, and the decrease in acidic lysosomes started at 5 h. Therefore, our observations are very unlikely to be due to cytotoxic effects of Salmonella. In order to rule out this possibility, we evaluated the cytotoxic effects of Salmonella. As expected, we observed minimal cell death (5 to 10%) in RAW 264.7 cells infected with Salmonella at an MOI of 50 (the maximum MOI used in this study) using both an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay and an acridine orange/ ethidium bromide microscopic assay (35) (see Fig. S8 at http://mcbl.iisc.ernet.in/Welcome%20to%20MCBL/Faculty /Dipshikha/supplimentary.html). This much cytotoxicity cannot explain the extent of decrease in lysosomal fluorescence we have observed using various methods. Therefore, the effect of Salmonella on the lysosomes inferred via LT fluorescence, acridine orange fluorescence, and lysosomal autofluorescence is not due to the cytotoxic effect of Salmonella on the host cells.
Effect of Salmonella infection on lysosomes in vivo. Next, we investigated the effect of Salmonella infection on lysosomes in vivo. Mice were intraperitoneally infected with GFP-expressing Salmonella (10 4 bacteria/mouse) and were sacrificed after 4 days of infection. Splenocytes infected with GFP-expressing Salmonella were sorted using a fluorescence-assisted cell sorter (Fig. 7B, R1 population) . The presence of GFP-expressing Salmonella inside the sorted cells was confirmed by observation under a fluorescence microscope (Fig. 7C ). Splenocytes were chosen for this analysis, as the spleen is one of the organs in which Salmonella proliferates within cells of monocytic lineage. We compared the autofluorescence of infected splenocytes with that of uninfected splenocytes, both isolated from the spleen of an infected mouse. Consistent with the in vitro results, we observed a significant decrease in the lysosomal autofluorescence of infected splenocytes (Fig. 7C ). Carbonyl cyanide m-chlorophenylhydrazone was used to block the autofluorescence of mitochondria. This result demonstrates that Salmonella infection reduces the lysosomal autofluorescence of host cells in vivo.
Sodium orthovanadate partially rescues the Salmonella-induced decrease in acidic lysosomes inside RAW 264.7 cells. As mentioned above, the SCV is known to recruit many lysosomal proteins, like vacuolar-type ATPase, LAMP1, LAMP2, cathepsin D, and acid phosphatase (14, 22, 28) . Probably because of this redistribution of lysosomal proteins to a growing number of SCVs, there is a shortage of raw materials for the biogenesis of acidic lysosomes inside the host cells infected with Salmonella. We next proceeded to test this hypothesis by investigating the number of acidic lysosomes in infected cells treated with SOV, where multiple bacteria cluster inside a single SCV. The lysosomal fluorescence levels of infected RAW 264.7 cells with and without SOV treatment were compared. Interestingly, we observed a partial increase (about 33%) in the lysosomal fluorescence in infected cells that were treated with SOV (Fig. 8) . There was also a significant increase in the number of cells exhibiting high lysosomal fluorescence (Fig. 8,  R2 population) . The effect of SOV alone in the absence of infection was not statistically significant. This result suggests that the division of SCVs contributes to the depletion of acidic lysosomes inside RAW 264.7 cells.
DISCUSSION
Pathogenic bacteria have evolved a variety of strategies to counteract the defense mechanisms of the host. Such strategies are vital for a bacterium to become a successful pathogen. Escaping lysosomal degradation is one such strategy that is very important for intracellular pathogens like Salmonella. The mechanism by which Salmonella escapes from lysosomal degradation is not clearly understood. In this study, we report a proteins into the host cytoplasm using its type 3 secretion system. However, in the case of multiple bacteria per vacuole, bacteria have to compete with each other for nutrition inside the stringent environment of the SCV and the bacteria present at the center of the SCV might not get access to the SCV membrane to secrete their effector proteins into the host cytoplasm. Secretion of effector proteins by Salmonella into the host cytoplasm via its type 3 secretion system is essential for its survival and multiplication (20) . The number of bacteria per SCV, which determines the SCV load per cell, thus appears to influence the survival and proliferation of Salmonella inside the host cell. Our results obtained by flow cytometry and confocal laser scanning microscopy also demonstrate that Salmonella, on the other hand, reduces acidic lysosomes inside host macrophages, resulting in insufficient lysosomes for the growing number of SCVs. This is partially the result of SCV division, which increases the number of SCVs, causing redistribution of molecules, like vacuolar-type ATPase, LAMP1, LAMP2, cathepsin D, and acid phosphatase, that are required for lysosomal biogenesis. The remaining mechanisms involved in this extraordinary feat of Salmonella need to be investigated. Our inference regarding the depletion of lysosomes inside Salmonella-infected macrophages was based on three different fluorescence sources. The fluorescence of acridine orange and LT depends on the pH of the lysosomes. However, the relation of lysosomal autofluorescence to the lysosomal pH is not known. Nevertheless, it is reasonable to conclude from our results that Salmonella reduces the quantity of acidic lysosomes inside the host cell. To our knowledge, there has been no report of any bacterial pathogen that affects the number of acidic lysosomes inside the host cells. Because this peculiar behavior of Salmonella reduces the microbicidal ability of the host cell, the host can potentially become susceptible to other intracellular and intravacuolar pathogens, like E. coli and Mycobacterium tuberculosis, and also to commensal bacteria.
Overall, our results unequivocally demonstrate that on one hand SCV undergoes division, increasing the number of vacuoles to be targeted by lysosomes and other microbicidal agents, and on the other hand, Salmonella decreases the number of acidic lysosomes in the infected host cells. As Salmonella proliferates, there is an imbalance in the ratio of the number of vacuoles to the number of acidic lysosomes that favors the bacteria. Probably because of this, earlier studies failed to find many SCV-lysosome fusion events and concluded that Salmonella blocks SCV-lysosome fusion. Actually, there are not enough lysosomes present in the infected host cells to fuse with all the SCVs. Nevertheless, in the initial period of infection, i.e., the first 4 to 5 h, when Salmonella does not multiply, it is crucial for Salmonella to block the SCV-lysosome fusion or to survive inside the harsh environment of the lysosomes, in case SCV-lysosome fusion takes place. As lysosomal biogenesis is a continuous process (36) , Salmonella also has to avoid lysosomal degradation at later time points, which is done by causing an imbalance in the vacuole-to-lysosome ratio, as demonstrated in this study. Thus, Salmonella seems to use different mechanisms at different times to escape from lysosomal degradation.
